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While evidence suggests that transcranial direct current stimulation (tDCS) may facilitate

language recovery in chronic post-stroke aphasia, individual variability in patient response

to different patterns of stimulation remains largely unexplored. We sought to characterize

this variability among chronic aphasic individuals, and to explore whether repeated

stimulation with an individualized optimal montage could lead to persistent reduction

of aphasia severity. In a two-phase study, we first stimulated patients with four active

montages (left hemispheric anode or cathode; right hemispheric anode or cathode) and

one shammontage (Phase 1). We examined changes in picture naming ability to address

(1) variability in response to different montages among our patients, and (2) whether

individual patients responded optimally to at least onemontage. During Phase 2, subjects

who responded in Phase 1 were randomized to receive either real-tDCS or to receive

sham stimulation (10 days); patients who were randomized to receive sham stimulation

first were then crossed over to receive real-tDCS (10 days). In both phases, 2mA tDCS

was administered for 20min per real-tDCS sessions and patients performed a picture

naming task during stimulation. Patients’ language ability was re-tested after 2-weeks

and 2-months following real and sham tDCS in Phase 2. In Phase 1, despite considerable

individual variability, the greatest average improvement was observed after left-cathodal

stimulation. Seven out of 12 subjects responded optimally to at least one montage as

demonstrated by transient improvement in picture-naming. In Phase 2, aphasia severity

improved at 2-weeks and 2-months following real-tDCS but not sham. Despite individual

variability with respect to optimal tDCS approach, certain montages result in consistent

transient improvement in persons with chronic post-stroke aphasia. This preliminary

study supports the notion that individualized tDCS treatment may enhance aphasia

recovery in a persistent manner.
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Introduction

Aphasia is a common and often debilitating consequence of
stroke, typically arising from damage to perisylvian structures in
the left hemisphere. Currently, the most widely employed treat-
ment for aphasia following stroke is speech and language ther-
apy (SLT), however, the magnitude (Basso, 2010) and duration
(Marangolo et al., 2013b) of improvement attributable to these
therapies is variable and can be fairly limited. In the last decade,
a growing body of evidence has emerged that suggests that non-
invasive brain stimulation can be used to enhance recovery from
stroke-induced deficits such as neglect (Koch et al., 2012; Mylius
et al., 2012; Sunwoo et al., 2013), paresis (Mansur et al., 2005;
Ayache et al., 2012; Khedr et al., 2013), and aphasia (Naeser et al.,
2005; Baker et al., 2010; Medina et al., 2012). With respect to
aphasia treatment, transcranial direct current stimulation (tDCS)
is an especially attractive brain stimulation approach, owing to
its safety, portability, low cost, and the ease with which it can be
paired with existing interventions such as speech and language
therapy.

During tDCS administration, a small electrical current is
passed through brain structures via electrodes placed on the
scalp. This current is insufficient to result in direct neuronal
depolarization; rather it is thought to induce incremental shifts
in the resting membrane potentials of large numbers of neu-
rons under the electrodes. These modest shifts in the resting state
are sufficient to drive measurable changes in motor neurophys-
iology and cognitive functions (Nitsche and Paulus, 2000; Feng
et al., 2013; Pellicciari et al., 2013). The effects of tDCS have been
observed up to an hour following a single stimulation session and
may persist for days or even months after multiple days of stim-
ulation (Reis et al., 2009). It is believed that the polarity of the
electrodes determine their effects on cortical activity. Anodal-
stimulation has been associated with facilitative effects on cor-
tical activity (Cuypers et al., 2013), while cathodal-stimulation
has been associated with inhibitory effects (Chrysikou et al.,
2013). However, recent findings call into question this straight-
forward relationship. Factors such as current intensity, stimu-
lation duration, and training tasks—typically performed during
stimulation—can impact the excitatory or inhibitory aftereffects
of stimulation in unpredictable ways, especially with respect to
cathodal tDCS (Jacobson et al., 2012; Batsikadze et al., 2013; de
Aguiar et al., 2015).

Promising results for tDCS treatment have been reported for
patients with subacute (You et al., 2011), and chronic (Marangolo
et al., 2013a) post-stroke aphasia, and for those with non-fluent
(Baker et al., 2010) and fluent (Volpato et al., 2013) apha-
sia syndromes. Importantly, there is considerable variability in
the approaches adopted by different investigators with respect
to the cortical hemisphere stimulated, the polarity of stimula-

tion, and the presumed stimulation targets. A number of these

studies have been motivated by an interhemispheric inhibition
model of language recovery, in which either enhancement of the

left frontal or temporal activity or suppression of the maladap-

tive right-hemisphere hyperactivity may result in more robust
compensatory recovery of left-hemisphere perilesional regions

(Chrysikou and Hamilton, 2011). Consequently, these studies

have employed either left-anodal or right-cathodal montages
(Monti et al., 2013). One notable exception is Monti et al. (2008),
who found that cathodal tDCS applied over the lesioned left
frontotemporal area lead to a significant increase in correct
responses during a picture-naming task when compared to sham
and anodal tDCS conditions.

While the interhemispheric inhibition model has been highly
influential with respect to treatment studies of aphasia, con-
verging evidence from functional neuroimaging experiments,
behavioral studies, and transcranial magnetic stimulation (TMS)
investigations suggests that multiple mechanisms of neuroplas-
ticity underlie aphasia recovery. Data consistently supports the
compensatory role of the left-hemisphere perilesional areas
(Heiss and Thiel, 2006); however, the contribution of the right-
hemisphere in aphasia recovery appears to be more varied and
complex (Schlaug et al., 2011; Torres et al., 2013). In addi-
tion to the interhemispheric inhibition model described above,
another theory postulates that the right hemisphere plays a com-
pensatory role in reorganized language networks (Hartwigsen
et al., 2013). Still others have argued that increased right hemi-
sphere activity contributes beneficially to post-aphasia recov-
ery, but that inefficiencies in remodeled language networks
may impose limits on that recovery (Turkeltaub et al., 2011).
These models of language plasticity are not mutually exclusive,
and in fact evidence suggests multiple stroke recovery mecha-
nisms can be engaged within the same individual (Turkeltaub
et al., 2012). This suggests that patients may respond differ-
entially to different tDCS approaches but this possibility has
not been systematically investigated, and represents a limita-
tion in the non-invasive brain stimulation literature on aphasia
recovery.

Another area that remains to be fully explored is the long-
term efficacy of tDCS in ameliorating aphasia symptom severity
in a group of patients. While many investigators have reported
positive changes in language measures either immediately after
receiving tDCS (Fiori et al., 2011) or within 1 or 2 weeks of
stimulation (Baker et al., 2010), only a few recent studies have
explored the potential benefits of tDCS over longer periods of
time (Marangolo et al., 2013a,b; Polanowska et al., 2013; Manenti
et al., 2015).

The current study sought to address these two important
gaps in a two-phase investigation. In Phase 1, subjects under-
went anodal- and cathodal-tDCS of the left and right prefrontal
areas, as well as a sham condition, in separate sessions. A pre-
ferred electrode montage was established for each subject by
assessing transient improvement on a picture-naming task. In
Phase 2—a randomized and sham-controlled phase—tDCS was
administered over 10-days using the optimal electrode config-
uration that was identified in Phase 1. Subjects were reassessed
2-weeks and 2-months post-stimulation, after which patients in
the sham arm crossed over into the real arm of the study. Based
on our central hypothesis that aphasic patients employ different
recovery mechanisms to varying degrees (Turkeltaub et al., 2012;
Torres et al., 2013), we predicted heterogeneity across patients in
their response to different tDCS montages in Phase 1. In light of
prior investigations of tDCS as a potential treatment for aphasia,
we also predicted that repeated stimulation with each individual
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patient’s optimal montage would lead to persistent improvement
in aphasia severity in Phase 2.

Materials and Methods

Subjects
Subjects had a history of a single left-hemispheric chronic stroke
(≥6 months post stroke-onset), had mild-to-severe non-fluent
aphasia, were premorbidly right-handed (Edinburgh Handed-
ness Inventory) (Oldfield, 1971), and had no concurrent history
of neurological, psychiatric or unstable medical conditions, or
any contraindication to either MRI or tDCS. Aphasia symptoms
and severity were screened using the Western Aphasia Battery
(WAB) (Kertesz, 1982), to avoid ceiling effects, individuals with
a WAB-Aphasia Quotient (WAB-AQ) above 90 were excluded.
Out of 21 screened subjects, 3 were medically ineligible, 5 did not
meet the eligibility criterion, and 1 was lost to follow-up, resulting
in 12 enrolled subjects (2 females; age: 63.6 ± 8.6, range = 53–
78 years; Figure 1). None of the enrolled subjects initiated new
language therapies or engaged in other treatment studies dur-
ing the course of the study. Additional demographic information
and lesion descriptions for the 12 enrolled subjects are provided
in Table 1 (also refer to the Supplementary Figure 1). A single
neurologist (RHH) used clinical scans (MRI/CT) obtained during
or after each patient’s medical treatment for stroke to delineate
lesion locations.

The study was approved by the Institutional Review Board of
the University of Pennsylvania. All subjects provided informed
consent. An overview of study events is illustrated in Figure 2.

Western Aphasia Battery
The WAB (Kertesz, 1982) was administered during subject
screening, and was also the instrument employed in Phase
2. The WAB characterizes: (1) spontaneous speech through

FIGURE 1 | Flow chart indicating the number of study subjects who

were screened and enrolled; subjects in shaded boxes were excluded

from analyses.

a picture description and responses to questions regarding
personal facts, (2) auditory comprehension through responses
to yes/no questions, object identification, and sequential com-
mands, (3) repetition through repeating single words, compound
words and sentences, and (4) naming and word finding through
object naming, word fluency, sentence completion, and respon-
sive speech. The composite score of these four subtests forms the
WAB Aphasia Quotient (WAB-AQ), which is an overall rating
of aphasia severity and which served as our main outcome mea-
sure in Phase 2. In addition, to depict specific changes in language
functions as a function of optimal tDCS, WAB subtest scores
were also analyzed in Phase 2.

Phase 1
Stimulation Parameters
In five non-consecutive days, subjects underwent tDCS with
four active conditions and one sham condition, using a Magstim
Eldith 1 Channel DC Stimulator Plus (Magstim, Whitland, UK);
these sessions were separated on average by 6.85 (± 5.9) days. In
each montage, the active electrode was placed over a frontal lobe
site identified using the10–20 EEG measurement system (F3 =

left-frontal; F4 = right-frontal). These frontal sites overlie brain
areas that are superior to the inferior frontal gyrus, which is
often lesioned in patients with non-fluent aphasia. We theorized
that F3 stimulation would likely be associated with perilesional
stimulation in the left hemisphere. The reference electrode was
placed over the contralateral mastoid. This site was chosen in
order to minimize current flow in right frontal lobe during left
frontal stimulation and vice versa, in order to be able to isolate
stimulation to a single prefrontal cortex (Datta et al., 2011). We
also hypothesized that current would flow inferiorly from the
frontal lobe site to the contralateral mastoid, potentially includ-
ing language-relevant targets such as the inferior frontal gyrus (cf.
Datta et al., 2011; Chrysikou et al., 2013). The four active condi-
tions were F3-anode, F3-cathode, F4-anode, and F4-cathode. In
line with widely used and safe parameters (Brunoni et al., 2011;
Kessler et al., 2012; Russo et al., 2013), stimulation was delivered
for 20min at 2.0mA using 5 × 5cm2 sponge electrodes (cur-
rent density: 0.80µA/mm2) with a 30-s ramp-up and ramp-down
period. For sham, stimulation was ramped up to 2.0mA and then
down to 0mA in the first minute of stimulation, and subjects
were randomized to receive either F3-anode and cathode on right
mastoid or F4-anode and cathode on left mastoid. The order of
five conditions was counterbalanced across subjects, who were
blinded to real or sham-tDCS (Gandinga et al., 2006). The person
administering tDCS was not blinded to tDCS conditions.

Identification of Optimal Montage
Picture-naming ability was assessed before and immediately
after each stimulation session with an 80-item task employ-
ing images from the International Picture Naming Project
database (IPNP) (Szekely et al., 2004). The 80-item picture sets
were matched for word-frequency, word-length (Supplementary
Table 1), and semantic category. Subjects received no feedback
regarding their performance. Responses were recorded digitally
and later scored offline by the investigator who was blinded to
the montage (left/right anode, left/right cathode or sham) and
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TABLE 1 | Demographics and clinical variables of enrolled study subjects.

Subject Sex Age (years) Time since stroke (months) Lesion distribution Lesion volume (cm3) WAB-AQ

P1 M 65 27 aLeft MCA – 29.4

P2 M 73 52 Anterior MCA distribution involving posterior IFG,

insula, subcortical white matter and basal ganglia

Temporal and parietal cortex spared

121.79 28.4

P3 M 61 12 Large fronto-temporo-parietal lesion involving STG,

parietal cortex, left IFG and subcortical white matter

Deep gray structures and thalamus spared

266.29 23.2

P4 M 53 66 Fronto-parietal cortical and subcortical, including

internal capsule, basal ganglia, anterior IFG

165.49 87.8

P5 M 54 7 Large fronto-temporo-parietal lesion involving STG,

parietal cortex, IFG, and subcortical white matter

Caudate and thalamus spared

271.02 38.9

P6 M 67 10 Fronto-parietal lesion involving supramarginal gyrus,

temporo-parietal-occipital junction, insula, IFG, and

underlying subcortical white matter

Basal ganglia and thalamus spared

89.8 69.5

P7 M 76 101 Fronto-temporo-parietal subcortical, including

corona radiata Internal capsule, deep gray

structures, and IFG spared

145.94 69.6

P8 M 61 28 Fronto-parietal lesion involving sensorimotor and

superior parietal cortices, and subcortical white

matter

IFG, inferior parietal gyrus, temporal cortex, deep

gray structures, and thalamus spared

134.04 83

P9 F 63 7 Fronto-parietal lesion involving posterior STG, left

parietal, sensorimotor and supplementary motor

cortices

Deep gray structures and IFG spared

264.86 40.7

P10 M 59 9 Large fronto-temporo-parietal lesion involving STG,

parietal cortex, IFG, and subcortical white matter

Deep gray structures and thalamus spared

197.18 33.4

P11 M 53 44 Frontal lobe involving IFG and middle frontal gyrus,

sensorimotor cortex, subcortical white matter, and

caudate

175.16 78.8

P12 F 78 9 Posterior STG and left parietal sulcus including

supramarginal gyrus

Deep gray structures and IFG spared

209.43 57.5

Mean (SD) 63.6 (8.6) 31.0 (29.7) 185.5 (62.3) 53.3 (23.6)

MCA, Middle cerebral artery; IFG, Inferior frontal gyrus; STG, Superior temporal gyrus; SD, Standard deviation; P1–P7 entered Phase 2.
aStructural images were reviewed during subject screening and enrolment but were not available during data analysis or results reporting.

session (pre/post). Subject’s responses were scored as correct
if the name they provided for the picture matched the target
word provided in the IPNP database or if it was a close syn-
onym. A failure to respond to a picture prompt was scored as
“no response.” Partial responses or descriptions of pictures were
scored as incorrect.

The difference between the number of items that were named
correctly before and following each stimulation session was cal-
culated (post- vs. pre-stimulation; refer to Supplementary Table 2
for more details). To examine variability in responsiveness to
tDCS, we first compared the change in subjects’ performance
across all active montages with respect to the shammontage. Sec-
ond, in line with previously reportedmethods (Naeser et al., 2005;
Medina et al., 2012), an electrodemontage was defined as optimal
for each subject if the subject (1) showed the greatest change in

accuracy after stimulation using a particular montage and (2) if
the accuracy post-stimulation with that montage was≥ the upper
limit of the 90% confidence interval (CI) of pre-stimulation per-
formance across all montages (mean pre-stimulation accuracy +
1.645 ∗ standard deviation across pre-stimulation sessions); both
these requirements had to be met for the montage to qualify as
optimal.

Training Task
During the 20min of active- or sham-tDCS (for both Phase 1 and
Phase 2—details below), subjects completed a picture-naming
task that was based on (but was not identical to) constraint-
induced language therapy (CILT), in that it minimized non-
verbal communication between subjects and the experimenter
(Pulvermuller et al., 2001; Maher et al., 2006). Subjects were
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FIGURE 2 | Overview of study events.

shown 20 black-and-white images taken from the IPNP database,
one at a time. A physical barrier between subjects and the exper-
imenter was erected to constrain subjects to produce verbal
responses and also to prevent unanticipated visual cues from the
experimenter (Maher et al., 2006). This feature is central to CILT,
whereby subjects’ responses are limited to the spoken modality
rather than alternative modes of communication such as gestu-
ral responses. Another important feature of CILT is ensuring that
the task is sufficiently challenging. In line with this requirement,
the naming items increased in difficulty over the course of stim-
ulation. Unlike CILT however, we did not provide any feedback
regarding the accuracy of subjects’ responses and dual-card task
was replaced with a picture naming task.

The 20-item lists used during stimulation were not repeated
across the training sessions. Owing to the limited size of the
IPNP corpus, the stimuli used as training items comprised a small
subset of the items used during pre- and post-stimulation test-
ing. However there were no systematic differences in number of
repeated items across sessions.

Phase 2
Sham-controlled Crossover Trial
In Phase 1, 7/12 subjects exhibited significant transient improve-
ment in naming after stimulation with at least one active elec-
trode arrangement. Six subjects entered Phase 2; one subject
declined further study participation. Another subject completed
only the sham arm of Phase 2 (described below), but declined to
participate in the real-tDCS phase, leaving five who completed
the study in its entirety.

Each of the six subjects who entered Phase 2 was randomized
to receive either real-tDCS treatment (n = 3), or sham stim-
ulation followed by real-tDCS (n = 3). To establish a stable
pre-tDCS baseline of aphasia severity, the WAB was adminis-
tered 3 times in separate behavioral sessions prior to initiating
real or sham treatment; the average interval between initial and
final baseline testing sessions was 7 days (±4.6 days). Dur-
ing treatment, subjects received tDCS for a total of 10 days

(Monday–Friday for two consecutive weeks). Stimulation param-
eters were identical to Phase 1. Subjects engaged in the training
task described above (same as Phase 1) during both the real-
and sham-tDCS sessions (Maher et al., 2006). Subjects repeated
assessment with theWAB, 2 weeks and 2 months after treatment.
Following 2-month follow-up, subjects in the sham arm crossed
over into the real arm and received real-tDCS, followed by
2-week and 2-month follow-up assessments (Figure 2). Subjects
who initially received real-tDCS were blinded to their treatment
condition. Subjects receiving sham stimulation were blinded to
their condition until they crossed over into the real arm of the
study, at which point they were by necessity informed of their
condition (as required by our IRB). Change in WAB-AQ was the
principle outcome measure for this phase.

Results

The R Development Core Team (2013) was employed for all
statistical analyses.

Phase 1
To examine heterogeneity in responsiveness to tDCS with dif-
ferent montages, we implemented mixed linear effects (MLE)
analysis in 12 subjects. We chose the MLE over the traditional
repeated measures ANOVA (rmANOVA) because the former is
advantageous in two important ways: (1) it is a more power-
ful statistical approach for detecting within- as well as between-
subject differences in groups with small and unbalanced sizes,
and (2) it takes into account subject-level or individual variability
(random intercept) to reliably depict differences across different
conditions (Goedert et al., 2013). In a random-intercept model,
we included the fixed effects of montages (sham, left-anode, left-
cathode, right-anode, right-cathode), order of study visits and
two clinical variables—lesion volume and time since stroke, and
the random effects of subjects; change in raw scores of nam-
ing (post- vs. pre-tDCS) was included as the dependent variable.
The model indicated that the change in naming was greater after
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stimulation with the left-cathode montage as compared to the
shammontage, whereby the model estimate was positive and sta-
tistically significant (b = 5.14, SE = 2.29, p = 0.029; Figure 3).
Notably, out of the 12 subjects, 10 exhibited a positive change
in naming after stimulation with the left-cathode montage while
only two subjects responded to it negatively (Figure 3). In these
10 patients, the positive change did not necessarily reflect the
greatest change compared to other montages and therefore left-
cathode montage did not always qualify as the optimal montage
(see below). Furthermore, the effects of clinical variables (lesion
volume and time since stroke) and order were not significant
(p > 0.05). Since our primary interest was in personalizing treat-
ment with tDCS in Phase 2, we next determined the montage that
each subject responded to optimally.

As reported earlier, 7/12 subjects in Phase 1 responded to
at least one active stimulation montage optimally, while three
did not to any montages, and one subject responded to sham.
One other subject (P10) was excluded from further analysis
because pre-stimulation he could not name any pictures (nam-
ing accuracy = 0), and post-stimulation his performance did
not substantially improve across any of the montages. In line
with our predictions, the optimal montage varied consider-
ably across the seven subjects who responded: three subjects
responded optimally to left-anode (P1, 2, 4), three subjects to
left-cathode (P 5, 6, 7), and one subject to right-cathode (P3;
refer to Supplementary Figure 1 for electrode locations). Only
those subjects who responded to at least one montage entered
Phase 2 and were stimulated using their optimal montage, while

FIGURE 3 | Phase 1: Mean change in picture-naming in 12 subjects

after stimulation with 1 sham and 4 active montages in box plots;

box height represents the interquartile range, the black line within

the box represents the median, the whiskers represent the upper

and lower ranges. Each patients’ mean change is superimposed on the

box plots as solid gray circles. Asterisk indicates statistical significance

(*p < 0.05) between the sham and left-cathodal montages.

subjects who did not respond to any montages were not included
in Phase 2.

As exploratory analyses, we examined the maximal lesion
overlap and subtraction in three montage-groups in patients who
responded to at least one montage optimally. Visual inspection of
lesion overlap revealed that lesions in left-anode group (n = 2)
were confined within the frontal areas, whereas left- (n = 3)
and right-cathode (n = 1) groups presented with large lesions
encompassing several areas along the frontotemporal network
(Figure 4A). In the left-cathode group, lesions extended more
superiorly and medially including parietal along with the fron-
totemporal areas (Figure 4B). To qualitatively compare lesion
overlaps, subtraction analysis between left-anode and cathodal
stimulation groups, irrespective of the hemisphere of stimulation,
was conducted. This analysis revealed that superior and middle
temporal areas were more frequently damaged in patients who
responded to cathodal stimulation in general (Figure 4C). Over-
all, this preliminary evidence is consistent with prior studies sug-
gesting that lesion location and size critically impact mechanisms
of neuroplasticity in language recovery (Heiss and Thiel, 2006),
and that these factors in turn can influence how patients respond
to different tDCS approaches (Anglade et al., 2014).

Phase 2
Test-retest reliability, estimated using Pearson’s correlation coef-
ficient, was 0.958 (n = 6) indicating a high-level of stability of
WAB across repeated administrations over 3.75 months (±1.8);
we comparedWAB-AQ obtained at screening and the third base-
line. Moreover, mean WAB-AQ did not differ across the three
baseline sessions [F(2, 10) = 0.696, p = 0.521; refer to Sup-
plementary Table 3 for more details], suggesting stable language
performance prior to initiating treatment with tDCS.

To evaluate treatment effects with real- vs. sham-tDCS, we
compared two groups: those who received only real-tDCS (n =

3) and those who received sham-tDCS before crossing over to
real-tDCS (n = 3), using MLE analysis. In a random intercept
model, we included the fixed effects of testing sessions (baseline,
2-week, 2-month), stimulation group (real, sham) and session by
group interaction, and the random effects of subjects (Goedert
et al., 2013); mean of three baseline assessments was used for this
analysis. A session by group interaction was significant (Table 2;
b = 2.32, SE = 0.89, p = 0.023) indicating that changes
in WAB-AQ between the real and sham groups were different
across the testing sessions. Post-hocTukey’s contrasts showed that
compared to the baseline (M = 52.83 ± 29.0), there was a trend
toward improvement at 2-weeks (M = 58.97 ± 26.7) and a sig-
nificant improvement at 2-months (M = 62.83 ± 24.1) in the
real-tDCS group. Mean WAB-AQ scores did not differ across 2-
week (M = 63.03± 33.3) or 2-month (M = 59.1± 30.8) sessions
in the sham group compared to the baseline (M = 60.03± 28.3).

We subsequently examined changes in WAB-AQ scores in all
subjects in Phase 2 (n = 5) who underwent real tDCS, irrespec-
tive of whether it was preceded by sham. Because subjects who
received real stimulation after sham differed from those receiv-
ing only real-tDCS both in number of exposures to the WAB
and blinding status (see Methods above), we first compared the
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FIGURE 4 | Phase 1: (A) Lesion overlap plots for different optimal montage-groups; (B) Lesion overlap between the cathodal montage groups; (C)

Subtraction plot comparing left-anodal group to cathodal montage group.

mean baseline and relative change of WAB-AQ from baseline
to 2-weeks and baseline to 2-months by two-sided t-tests after
receiving real-tDCS; relative change was computed by taking the
difference between the WAB-AQ scores obtained at 2 week (or
2 months) and mean of baseline scores and dividing it by the
mean of baseline scores. These comparisons were non-significant
(all p > 0.05), which reduces the possibility that the observed
improvement could be confounded by practice effects because of
extra exposures to WAB in some patients.

To further control for the difference in WAB exposures
between groups and for practice effects, we conducted a random-
intercept analysis (n = 5) in which the most recent WAB per-
formance preceding real stimulation was used for comparison.
Thus, for subjects who underwent real-tDCS initially, WAB-AQ
obtained at the third baseline was used for comparison with post-
treatment sessions, while for subjects who underwent sham prior

to real-tDCS, WAB-AQ obtained 2-months after termination of
sham-tDCS was used. This analysis revealed a significant effect
of testing sessions (b = 3.73, SE = 0.99, p = 0.003) for
the real-tDCS group (Figure 5A). Tukey’s contrasts revealed that
mean WAB-AQ scores differed between baseline and 2-weeks
(b = 6.26; z = 2.63, p = 0.023) and baseline and 2-months
(b = 8.88, z = 3.73, p < 0.001). This finding suggests that there
was a statistically significant amelioration in aphasia severity after
receiving real-tDCS in these patients. Similar analysis for WAB
subtests in the real-tDCS group revealed a significant effect of ses-
sions for spontaneous speech (b = 1.18, SE = 0.34, p = 0.0194),
and a trend for naming (b = 0.40, SE = 0.15, p = 0.084) and
repetition (b = 0.17, SE = 0.06, p = 0.076) subtests, while
auditory comprehension did not change (b = 0.12, SE = 0.08,
p = 0.46). The change in these subtests reveal improvements in
language submeasures, especially those related to speech content
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TABLE 2 | Summary of the fixed and random effects in the mixed linear

effects model in Phase 2.

Dependent variable: WAB AQ

Fixed Effects Coefficient (b) SE t Pr(>|t|)

Intercept 59.65 9.65 6.18 <0.001

Session 1.57 0.88 1.78 0.10

Group −1.27 9.69 −0.13 0.90

Session*Group 2.32 0.89 2.61 0.023

Random Effects Variance

Subject intercept 543.67

Residual 13.11

Session has three levels (baseline, 2-week and 2-month), and stimulation group has two

levels (real and sham). See text for details. *Signifies an interaction.

FIGURE 5 | Phase 2: Mean WAB-AQ scores in (A) real tDCS and (B)

sham tDCS groups at pre-tDCS, 2 weeks and 2-months; vertical lines

represent standard errors, and asterisks indicate statistical

significance (**p < 0.001, *p < 0.05).

and fluency, that impacted the overall amelioration in aphasia
severity in our patients after receiving real-tDCS.

In a separate analysis for the sham group, the effect of sessions
was not significant (b = −0.78, SE = 1.28; p = 0.463), reveal-
ing no change in WAB-AQ (Figure 5B). None of the WAB sub-
test scores after sham stimulation were significant: spontaneous
speech (b = 0, SE = 0.52, p = 0.26), naming (b = −0.17, SE =

0.09, p = 0.37), repetition (b = −0.18, SE = 0.18, p = 0.64)
and auditory comprehension (b = −0.035, SE = 0.12, p = 0.45).

Discussion

Our results extend prior work exploring the use of tDCS as a ther-
apy for chronic aphasia in three critical ways. First, we observed

variability in how subjects respond to different electrode arrange-
ments for administering tDCS, as judged by transient improve-
ment in picture-naming immediately following stimulation. This
demonstrates that individuals with chronic non-fluent apha-
sia differ with respect to their response to specific tDCS mon-
tages, which may reflect differences in neural mechanisms of
aphasia recovery (Torres et al., 2013). Second, the most consis-
tent montage for eliciting transient improvement was cathodal-
stimulation of the left-frontal lobe, suggesting a common pattern
of performance across most subjects despite individual variabil-
ity. Third, by following patients for at least two months after the
end of stimulation, our study adds to a small but growing litera-
ture suggesting that tDCSmay facilitate longer-lasting changes in
language ability.

Our finding that, on average, naming improvement was most
pronounced after left-frontal cathodal-stimulation compared
to sham stimulation was somewhat unexpected. This finding
does not reconcile easily with an aphasia recovery interhemi-
spheric inhibition model, which predicts two main therapeutic
approaches: facilitation of compensatory left-hemisphere activity
or suppression of deleterious right-hemisphere activity. However,
very few investigators have put this model directly to the test
by administering cathodal-stimulation to the left-hemisphere in
aphasic patients. A study by Monti et al. (2008) stands out in
this regard. Consistent with our results, they also found that sub-
jects showed an immediate benefit in picture-naming specifically
after cathodal-stimulation. To our knowledge, no other stud-
ies have systematically compared left- and right-sided cathodal-
and anodal-stimulation. Importantly, our results suggest that the
interhemispheric inhibitionmodel that hasmotivated brain stim-
ulation studies in aphasia for over a decade is not wholly adequate
for predicting which stimulation approaches are likely to be most
effective in individuals with aphasia.

Several potential hypotheses could account for Phase 1
findings. First, subthreshold inhibitory modulation of left-
hemisphere cortical circuits may improve language performance
by suppressing spurious neural activity in damaged and reor-
ganized language networks, in effect increasing the signal-to-
noise ratio of task-relevant neural activity (Moos et al., 2012;
de Aguiar et al., 2015). Second, Monti et al. (2008) put forth
a somewhat different, but not mutually exclusive explanation,
speculating that left cathodal-stimulation may have an inhibitory
effect on inhibitory intrahemispheric intracortical connections
(Monti et al., 2008), resulting in increased overall activation of
language-related left perilesional areas. Third, suppression of per-
ilesional activity may facilitate activity in intact right-hemisphere
language homologs by releasing them from left-to-right tran-
scallosal inhibition (Schlaug et al., 2011; Turkeltaub et al., 2011,
2012). However, this explanation is weakened by the fact that
direct anodal-stimulation of the right-hemisphere failed to elicit
a measurable improvement. Notably, the second-best response in
patients who responded to left-cathode was invariably with the
right-anode montage (3/3). Fourth, cathodal-stimulation deliv-
ered at higher intensities and for longer durations (2.0mA
and 20min—parameters in this study and Monti et al., 2008)
can potentially have excitatory rather than inhibitory effects on
cortical neurophysiology (Batsikadze et al., 2013). Thus, it is
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conceivable that the transient naming improvement after left
cathodal-stimulation in our cohort was actually driven by excita-
tion of perilesional areas. This account, however, is also weakened
by the fact that the patients who responded to left-cathode did
not respond measurably to direct facilitation with the left-anode
montage. Lastly, the polarity-dependent tDCS effects observed in
motor studies are generally less consistent in studies of cognition,
especially the putative inhibitory effects of cathodal-stimulation,
a notion that is supported by recentmeta-analysis of tDCS studies
(Jacobson et al., 2012).

We observed variability in optimal response to different mon-
tages, which may be linked to differences in lesion location and
distribution across patients. Our preliminary findings suggested
that patients exhibiting differential patterns of damage in the
frontotemporal language areas may respond to tDCS differently.
In accordance with the hierarchical model of recovery (Rosen
et al., 2000; Heiss and Thiel, 2006), which predicts that recov-
ery after perturbation in a small region may rely on the recruit-
ment of residual language and perilesional areas, in our patients
we observed that those who responded to left-anodal or facilita-
tion of left frontal areas exhibited small lesions confined within
the frontal areas. Conceivably, left anodal stimulation in these
patients facilitated recruitment of spared areas, specifically the
temporal language networks, resulting in the observed improve-
ment. In contrast, lesion patterns in patients who responded to
cathodal stimulation in general were larger and spanned through
both the frontal and temporal language areas. Because only
one patient responded to right-cathodal compared to three who
responded to left-cathodal stimulation, we were unable to per-
form subtraction analysis to depict specific areas that may be
relevant to response to one cathodal montage vs. the other. How-
ever, from lesion overlap it appeared that left-cathodal patients
exhibited lesions extendingmore superiorly andmedially into the
parietal and frontotemporal areas.

Another important variable that is often discounted is the
extent of whitematter tract damage, whichmeasures of lesion size
and location do not fully account for, but which may significantly
impact response to tDCS. A large body of evidence suggests the
critical role of white matter damage, especially along the arcuate
fasciculus, in both the language deficits and course of recovery in
PWA (Naeser et al., 1989;Marchina et al., 2011;Wang et al., 2013;
Basilakos et al., 2014; Nunnari et al., 2014). The emergence of
diffusion tensor imaging techniques has greatly simplified com-
putation of the volume of damage within white matter tracts, or
lesion load, which can be used to predict response to tDCS mon-
tages. In recent studies, lesion load of the arcuate fasciculus was
shown to selectively predict efficiency of speech and naming abil-
ity in PWA (Marchina et al., 2011; Wang et al., 2013). Although
we are unable to compute lesion load in our subjects, in future
applications of this study design, pairing tDCS administration
with diffusion tensor imaging, and also functional neuroimaging
and/or electrophysiological measures will enable more compre-
hensive assessment of the relationship between changes at the
neural level in response to different tDCS montages, as well as
involvement of white matter damage in ensuing language out-
comes. Moving forward, such multi-modal approaches may also
provide some insight into the neural and structural bases of our

unexpected finding related to patients’ response to left-cathodal
stimulation.

Intriguingly, in Phase 1, three subjects did not respond to any
montages. While it is unclear why this difference exists, a general
explanation could be that these subjects may differ categorically
with respect to the mechanisms of language representation and
aphasia recovery that may underlie response to tDCS. Lesion
location and distribution may also be relevant (Martin et al.,
2009). Overall, the relevance of lesion extension and response to
tDCS warrants further study as it may have broad implications
for the therapeutic use of tDCS in aphasic patients (Naeser et al.,
1989).

Our main Phase 2 finding is encouraging and adds to a grow-
ing body of literature for tDCS’ use in treating aphasia (see Monti
et al., 2013, for a recent review). A number of prior studies have
focused on the immediate effects of tDCS on language ability
by targeting either inferior frontal or temporal areas in the lan-
guage network (Monti et al., 2008; Hesse et al., 2011; Jung et al.,
2011; Kang et al., 2011; Vines et al., 2011; You et al., 2011). Other
investigators have extended these findings by reporting benefits
that persist for weeks after stimulation (Baker et al., 2010; Fiori
et al., 2011; Floel et al., 2011). A few investigators have reported
findings related to the long-term therapeutic benefits of tDCS
(Manenti et al., 2015), but these findings are mixed (Marangolo
et al., 2013a; Polanowska et al., 2013). As investigators continue to
explore tDCS as a potential therapy for aphasia, additional studies
of long-term efficacy are needed.

This study has clear limitations. Because our study was struc-
tured to only recruit subjects who responded to at least one
montage optimally into Phase 2, the sample size for the latter
portion of the study was small. Also, the study design does not
allow insight into whether patients who did not respond to any
montage would have shown improvement if they had undergone
treatment. The incomplete-crossover design, which allowed all
subjects to eventually receive real-tDCS, gave rise to unequal sub-
ject groups and interfered with direct comparison of the real and
sham conditions.

In the absence of patient-specific current-modeling, the local-
ization of current flow during tDCS can be unpredictable in
patients with brain lesions (Datta et al., 2011). This makes it diffi-
cult to comment on the exact areas that may have received stim-
ulation in our study, particularly in patients who received left-
hemispheric tDCS. Our own prior modeling in normals using a
similar montage suggests that regions of highest current density
are confined to the hemisphere of the active electrode (Chrysikou
et al., 2013), however this remains to be verified in patients with
strokes (except see Datta et al., 2011).

Of note, in this study, we placed the active electrode superior
to the inferior frontal gyrus. Insofar as the left inferior frontal
gyrus is often damaged in patients with non-fluent aphasia, at
the study outset we had posited that this area was likely to be
directly lesioned in many of the patients we would be seeking
to recruit. Chronically lesioned areas of the brain are typically
not comprised of viable tissue and are in fact often character-
ized by encephalomalacia (a CSF-filled cavity at the site of prior
injury). Therefore, we decided not to place the active electrode
directly over the left inferior frontal gyrus, reasoning that the
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direct effect on underlying structures (or perhaps more accu-
rately the absence of brain structures) would not be clear. Sec-
ondly, since perilesional areas of the left hemisphere are known
to be especially important areas for language recovery (Hamilton
et al., 2011; Turkeltaub et al., 2011; Shah et al., 2013), we chose
a region that was likely to be perilesional (rather than lesional)
for many patients with non-fluent aphasia. The reasoning for
the reverse active electrode location i.e., active electrode over a
region superior to the right inferior frontal gyrus, is more com-
plicated.We chose our right hemisphere stimulation site to be the
anatomicmirror of the left hemisphere site. However, because the
right inferior frontal gyrus was intact in our patients and poten-
tially important to the recovery of reorganized language systems
(reviewed in Shah et al., 2013), we wanted to choose a right hemi-
sphere target that was also likely to result in current flow through
the this region. Early modeling studies of tDCS had shown that
the flow of current associated with tDCS can be quite diffuse,
covering not only a large area under the active electrode, but
also areas between the active and reference electrodes (Miranda
et al., 2006).We reasoned that the current flow between our active
frontal electrode and our contralateral mastoid reference elec-
trode was likely to pass inferiorly from the point of placement of
the active electrode. Of note, this notion of current flowing inferi-
orly when employing a mastoid reference electrode is supported
by subsequent work with current modeling in normal subjects
in which we used an active frontal lobe electrode and mastoid
reference (Chrysikou et al., 2013). This is relevant because prior
modeling work by Datta et al. (2011 as discussed below) does
not inform the likely flow of current through the intact right
hemisphere when the reference electrode is placed over the left
mastoid.

The appropriate choice of location for a reference electrode
can also pose a challenge for tDCS studies, particularly in patients
with brain lesions. Most prior studies that have involved an active
electrode over a frontal site have either employed a reference
electrode over the contralateral supraorbital region (above the
eye; Kang et al., 2011), or less frequently on an extracephalic
site like contralateral shoulder (Monti et al., 2008; Baker et al.,
2010). No prior therapeutic study in stroke patients to date has
used the contralateral mastoid. However, one recent study used
computational modeling to compare patterns of current flow in
the brain of a patient with a left hemispheric stroke (involving
inferior and medial frontal areas) when an active electrode was
placed over a left frontal site and three separate reference elec-
trode locations—right shoulder, mastoid or orbitofrontal area—
were employed (Datta et al., 2011). While both right mastoid and
shoulder references resulted in higher electrical fields involving
posterior temporal perilesional areas, right orbitofrontal (near
forehead) reference resulted in higher electrical fields in anterior
frontal perilesional areas and in the spared contralesional frontal
lobe. Therefore, the same active electrode position with different
reference positions produced different profiles of current flow,
targeting diverse perilesional areas in this patient. Considering
the differences in current flow implied by these models, our
selection of a contralateral mastoid reference electrode site may
have preferentially facilitated recruitment of perilesional cortex
as well as more inferior bilateral fronto-temporal language areas.

Modeling with different reference electrode locations, particu-
larly in stroke patients, or carrying out individualized modeling
will better inform future studies to more precisely target areas
under the active electrode, reference electrode, and the brain
areas between them.

A lack of monitoring subjective sensory effects could raise
potential concerns that real stimulation may have been distin-
guishable from sham in our study. Evidence regarding blinding
real- vs. sham-tDCS with 2mA are mixed, with some evidence
suggesting inadequacies in blinding with 2mA (O’connell et al.,
2013), while other data suggest reliable blinding at the same cur-
rent strength (Gandinga et al., 2006; Russo et al., 2013). We
recommend that future studies incorporate subjective sensory
judgment scales to verify blinding, particularly at higher current
strengths.

Finally, while the data presented here are consistent with
the notion that individualized stimulation may be a beneficial
approach for treating aphasic patients using tDCS, it is important
to recognize one of the inferential limitations of this investiga-
tion. While our data indicate that individuals who responded to
tDCS in the short-term also exhibited longer-lasting improve-
ment in language ability after stimulation, the design of the study
does not allow further insight into whether patients who did not
respond to any montages optimally would have shown improve-
ment if they had been treated with a “sub-optimal” montage for
10 days.

Despite its caveats and limitations, the results of this prelim-
inary study have several important implications for studies of
tDCS in aphasia. First, direct comparison of all montage combi-
nations yields a consistent response with an unexpectedmontage,
suggesting the necessity of exploring montages beyond those
indicated by the interhemispheric inhibitionmodel or by conven-
tional conceptions of polarity-specific effects. At the same time,
our evidence suggests that individuals vary in the optimal param-
eters for brain stimulation, and that incorporating individualized
responses into future treatment trials may be important for opti-
mizing treatment effects in patients. Additional investigations
could also use a multimodal approach such as lesion-mapping,
functional neuroimaging (e.g., in healthy individuals: Holland
et al., 2011; Meinzer et al., 2014), or combined tDCS and TMS
to further distinguish individuals who do and do not respond
to tDCS, and to characterize the neural mechanisms of respon-
siveness to specific stimulation montages. Finally this promis-
ing preliminary investigation further underscores the need for
larger randomized controlled trials to test the long-term efficacy
of tDCS as a therapy for aphasia.
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